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ABSTRACT
Magnetic bentonite (MBt) and Ti/TiO2 nanotube/PbO2, for the first 
time, were investigated as particle electrodes and anode of three 
dimensional electro-Fenton process (3DEF) for the degradation of 
diclofenac (DCF) and naproxen (NPX). The characteristics of the elec-
trodes were determined by X-ray diffraction(XRD), scanning electron 
microscope(SEM) and energydispersive X-ray spectroscopy(EDS) analyses 
and the effects of operating parameters on degradation were studied. 
The results showed that adsorption and electrochemical processes 
have lower removal efficiency than the 3DEF process at neutral pH. 
This efficiency was due to the greater production of hydroxyl radical 
(•OH) through the anode and MBt surface. The results of the scavenging 
experiments confirmed an increase in the amount of production of 
•OH. The maximum removal efficiency of DCF and NPX was obtained at 
pH of 6, MBt dosage of 500 mg/L, current density of 25 mA/cm2and 
electrolysis time of 120 min. The electrodes reusability was confirmed 
by consecutive reaction cycle and the Fourier-transform infrared spec-
troscopy (FTIR) and SEM-mapping analysis explained their stability. The 
results of continuous electro-oxidation reactor showed proper removal 
of the chemical oxygen demand(COD) from real wastewater. The 
degradation by-products were identified by gas chromatography 
mass-spectrometry (GC-MS) analysis coupled with dispersive liquid– 
liquid microextraction (DLLME). Based on comparative tests and pro-
ducts identification, the possible mechanism and pathway of drugs 
degradation were suggested.
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In recent decades, pharmaceuticals and personal care products were considered as emerging 
pollutants, due to their widespread use and bioactivity, and their residues in various sources 
have been identified to be in range of ng/L to μg/L [1]. Non-steroidal anti-inflammatory drugs 
CONTACT Nezamaddin Mengelizadeh Nezam_m2008@yahoo.com
INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 
https://doi.org/10.1080/03067319.2020.1791326
© 2020 Informa UK Limited, trading as Taylor & Francis Group
(NSAIDs) have been used as one of the most common compounds to treat pain and 
inflammation caused by orthopaedic, obstetric and abdominal [2]. Due to their stability and 
pharmacological effect, these compounds, like antibiotics, are not fully metabolised in the 
body and consequently enter the receiving water at high concentrations [3]. For example, the 
occurrence of DCFin effluents and surface water was reported between 0.8 ng/L and 4.4 mg/L 
in the study conducted by Rosales et al. [4]. Environmental risk assessment in recent years has 
shown that these compounds have potential high danger for aquatic organisms [3]. To 
reduce the presence of NSAIDs and their toxicity potential, several studies have been 
conducted on appropriate technologies such as membrane, ozonation and adsorption [5,6]. 
However, these methods have the disadvantages such as inadequate degradation, transfer of 
contamination from solution phase to biomass, production of carcinogenic compounds, and 
the need for further process for particle separation [7,8]. In contrast, advanced oxidation 
processes (AOPs) based on the production of strong reactive species have shown high 
potential in various applications such as the degradation of drugs, pesticides and dyes [9]. 
In this process, pollutants are degraded to low toxicity compounds, CO2 and H2O through 
electrogenerated oxidants including sulphate radical, active chlorine and •OH [10]. In most 
previous studies, the AOPs used for the treatment of various aqueous solutions (including 
municipal wastewater, hospital and industrial wastewater) were ozone, Fenton, ultrasonic, 
electrochemical advanced oxidation process (EAOPs), photocatalyst and their combina-
tions [11].
Among the processes mentioned above, the EAOPs with features such as easy hand-
ling, clean reagent (electron), lack of waste production and high energy efficiency have 
received more attention for the removal of recalcitrant compounds [12,13]. In the EAO 
process, the degradation of pollutants can be achieved by two main mechanisms of direct 
and indirect oxidation. In direct oxidation, the pollutants are degraded by direct reaction 
at the anode surface, whereas in indirect oxidation, reactive species produced by electro-
chemical (such as ozone, H2O2, active chlorine, etc.) in bulk solution are the main agent of 
degradation of pollutants [14]. The electro-Fenton process as one of the EAO processes is 
capable of electrochemically production of H2O2 through continuous aeration on the 
cathode and its conversion to •OH by Fe2+ added in solution [15,16]. This process, 
compared to the Fenton process, has advantages such as high efficiency, on-site H2O2 
production and electrochemical reduction of Fe2+ on the cathode surface [17]. However, 
this method has disadvantages such as the release of iron into the treated solution, low 
current density, application at acidic pH, and low H2O2 production [15,17]. To overcome 
these problems, the researchers proposed the development of a heterogeneous 3D 
electrode system and titanium-based anodes [18].
The heterogeneous 3D electrode system is a process that particles are loaded between 
the anode and the cathode to reduce the mass transfer distance and increase the 
efficiency of the system as the third electrode [19]. In this process, magnetic carbon 
particles were repeatedly used as particle electrodes because of their high specific surface 
area and appropriate energy efficiency. Compared to these materials, magnetic bentonite 
is a suitable candidate for particle electrode and catalyst support due to its abundance, 
low cost, high stability, easy accessibility and smaller particle size [20,21].Various studies 
have reported the high potential of MBtin pollutant removal systems [20–22]. However, 
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little research has been done on the potential of MBt as a particle electrode in 3D systems. 
In the successful electro-oxidation treatment, anode electrodes with high stability, easy 
preparation and high electrocatalytic activity are other important parameters. For this 
reason, various anodes such as Ti/SnO2, Ti/PbO2, Ti/RuO2 and Ti/IrO2 have been studied; 
among them, Ti/PbO2 has been widely used in electro-oxidation studies due to high 
oxygen evolution potential, low cost, easy and uniform preparation [23]. Mohammadi 
et al. synthesised Ti/PbO2 by electrodeposition method and used it as an anode electrode 
for the degradation of NPX and ibuprofen [15]. Amin et al. reported the appropriate 
performance of the Ti/PbO2 electrode for production of •OH and degradation of carba-
mazepine [24]. However, studies have reported long-term use of Ti/PbO2 in an acidic 
medium cause the release of Pb2+ into the solution due to corrosion [25,26]. To solve this 
problem, the researchers proposed TiO2 nanotubes because of their high specific surface 
area, high chemical stability and easy preparation. The use of TiO2 nanotubes enhances 
the stability and electrocatalytic activity of PbO2 and the presence of PbO2 similarly 
improves photochemical properties of TiO2 [26]. In previous studies, TiO2 nanotubes have 
been used for a number of applications such as sensors, solar cells, photocatalytic 
degradation and biomedical materials [27,28].
The aim of the present study was the degradation of DCF and NPX from aqueous solutions 
by 3DEF system based on novel electrodes including MBt and Ti/TiO2 nanotube/PbO2. The 
influence of operating factors such as pH, particle electrode dosage, initial drug concentration, 
current density and reaction time on removal efficiency was investigated. The reusability of 
the new electrodes was studied through consecutive reaction cycles and their stability was 
demonstrated by SEM and FTIR analysis. The electrocatalytic activity of the 3DEF process was 
evaluated through comparative experiments between different electro-oxidation systems. 
A continuous column reactor was used to remove COD from synthetic and real wastewater. 
Finally, the degradation products of DCF and NPX were identified through GC-MS coupled 
with DLLME and their degradation pathways were suggested.
2. Experimental
2.1. Materials and reagents
The titanium plate and graphite felt were purchased from an Iranian company. Glycerol 
(C3H8O3, ≥99.5%), lead (II) nitrate (Pb(NO3)2, ≥99.0%), sodium fluoride (NaF, ≥ 99.99%), 
sodium sulphate (Na2SO4, ≥99.0%), iron(III) chloride hexahydrate (FeCl3 · 6H2O, 97%), copper 
(II) sulphate pentahydrate (CuSO4.5H2O, ≥98.0%), triton X-100, acetone (CH₃COCH₃, 99.0%) 
and chloroform (CHCl3, 99.9%) were purchased from Sigma Aldrich and were of analytical 
grade. Natural bentonite consisting of 60.11% SiO2, 25.55% Al2O3, 5.5% MgO, 2% Na2O, 2.5% 
Fe2O3, and 4.34% other compounds were purchased from an Iranian company and used as 
supporting material. The stock solution (10 mg/L) of naproxen (C14H13NaO3) and diclofenac 
sodium (C14H10Cl2NNaO2) were prepared by dissolving them in distilled water.
2.2. Synthesis of MBt
Synthesis of MBt was carried out by co-precipitation method at high temperature. First, 1 g of 
bentonite was dispersed in 50 mL of distilled water for 60 min. Bentonite solution was then 
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added to 50 mL solution containing 0.5 g FeCl3.6H2O. The mixture was stirred for 30 min 
under nitrogen gas at 80°C and adjusted to pH 10–11 by 1 M NaOH solution. The solids 
synthesised were separated by filter and washed several times with distilled water and finally 
calcined at 300°C for 2h.
2.3. Synthesis of Ti/TiO2 nanotube/PbO2
In this method, Ti/TiO2 was first prepared by anodisation method. Prior to anodisation, the 
titanium plate was boiled with 10% oxalic acid for 60 min. The anodisation was then 
performed using a two-electrode system in a mixture of glycerol and distilled water at 
a ratio of 1.3: 1 containing 5% NaF and 0.2 M Na2SO4at 15 V for 4 h. The principles of TiO2 
nanotube formation are based on the formation of a layer of compressed oxide from 
water (Equation (1)) and chemical combustion of oxide in the presence of fluoride ions 
(Equation (2)). After this procedure, the Ti/TiO2 electrode was immediately taken from the 
electrolyte solution and then washed several times with distilled water. Electrodeposition 
of PbO2 on Ti/TiO2 plate was then performed using 12% Pb(NO3)2, 5% (w/v) CuSO4.5H2O, 
3% (w/v) triton X-100 solution by selecting the current density of 30 mA/cm2for 10 min at 
80°C.At this stage of the experiment, PbO2 nanoparticles from Pb(NO3)2solutionoccur in 
the TiO2 nanotube according to Equation (3) [27]. 
Tiþ 2H2O! TiO2 þ 4Hþ þ 4e  (1) 
O2 þ 4F  þ 4Hþ ! ½TiO6�
2 
þ 2H2O (2) 
Pb2þ acð Þ þ 2H2O lð Þ ! PbO2 sð Þ þ 4Hþ acð Þ þ 2e  (3) 
2.4. Characteristics of electrodes
Phase identification and crystalline structure analysis of the samples were performed by X-ray 
powder diffraction (XRD, PW1730 model, Philips). The morphology and characterisation of 
sample elements were determined by field emission scanning electron microscopy (FESEM, 
MIRA III model, TESCAN, Czech) coupled with energydispersive X-ray (EDX) and transmission 
electron microscopy (TEM, JEOL-2010, Japan). Fourier transform infrared spectrometer was 
used to determine the MBt functional groups synthesised in the wavelength range of 
400–4000 cm−1. Brunauer- Emmett-Teller (BET) specific surface areas were measured using 
a BELSORP MINI specific surface analyser II (BEL, Japan). Zeta potential of sample was 
measured by nanoparticle analyser (ZEN3600, MALVERN, UK). Thermogravimetric analysis 
(TGA) of MBt carried out in a TGA Q600 from TA Instruments (USA).
2.5. Electrochemical treatments
Electro-oxidation batch experiments were performed on a 0.5 L cell made of Plexiglass 
(Figure 1(a)). The graphite felt and Ti/TiO2 nanotube/PbO2 were used as the cathode and 
anode respectively, and the distance of 1 cm between them was filled by MBt 
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nanoparticles. The solution was stirred using bar magnet at 300 rpm to improve mass 
transfer and homogenisation of aeration. Naproxen and diclofenac at concentrations 
ranging from 5 to 50 mg/L were used as target pollutants and pH was adjusted in the 
range from 4 to 10 by H2SO4 or NaOH. Electro-oxidation was also performed using 0.05 M 
Na2SO4 with a particle electrode dosage of 25–1000 mg/L at room temperature and 
constant current between 5 and 40 mA/cm2 using a DC power supply was applied for 
the reaction solution. 5 mL of the sample was withdrawn at various reaction times 
(0–180 min) and immediately filtered and analysed by GC-MS.
After determining the optimum conditions by batch experiments, a 1.5 L continuous 
column reactor made of plastic was used for treatment of synthetic and real wastewater 
(Figure 1(b)).
2.6. Analytical procedures
The quantitative and qualitative analysis of NPX and DCF was performed according to 
Mohammadi et al. [15]. In this method, the output samples of oxidation process were first 
extracted by DLLME and prepared by N-Methyl-N-(trimethylsilyl) trifluoroacetamide 
(MSTFA). By-products were analysed using GC equipped with an Agilent 5975 C MSD 
mass spectrometer and electron ionisation (EI) mode. The DB-5 column of GC was 
operated for 4 min at a temperature of 120°C and then increased to 300°C at a rate of 
20°C/min. COD concentration was measured by colorimetric method using UV-2100 
spectrophotometry and total organic carbon (TOC) of samples were determined with 
a Shimadzu TOC-VCSH analyser (Japan). The efficiency of drug removal and energy 
consumption (EC) was calculated by Equations (4) and (5). 
Efficiency %ð Þ ¼
C0   Ce
C0
� 100 (4) 
Figure 1. Schematic diagram of (a) batch 3DEF cell; (b) continuous column reactor.









where C0 is drugs initial concentration (mg/L), Ce is the final concentration of drugs (mg/ 
L), I is the current (A), Vc is the cell voltage (V), t is the degradation time (h), and Vs is the 
treated volume (m3).
The stability and reusability of MBt were evaluated using consecutive reaction cycles 
under optimal conditions.
3. Results and discussion
3.1. Characteristics of MBt
The morphology of bentonite, Fe3O4, and MBt is shown in Figure 2(a–c). As can be 
seen in Figure 2(c), the Fe3O4nanoparticles were uniformly dispersed on the bentonite. 
The SEM-mapping confirms this dispersion (Figure 2(d–i)). TEM analysis results showed 
that Fe3O4 was coated on bentonite with an average particle size of 14 nm (Figure 3(a, 
b)). The results of VSM analysis (Figure 3(c)) showed that the maximum amount of 
magnetic saturation obtained for MBt is equal to 18 emu/g, which indicates the very 
good magnetic property of the particles for magnetic separation. In addition to the 
results, the magnetic properties of MBt nanoparticles were confirmed by the Figure 3 
(d). EDX analysis showed that Fe and O were formed on the bentonite with 19.97% and 
44.55% weight percentages, respectively (Figure 3(e)). The TGA curve of MBt nano-
particles in Figure 3(f) showed that the weight loss over the temperature range 35°C to 
1000°C was about 6.32%. This may be due to the loss of the water and residual agents. 
The value of zeta potential achieved −50 mV (Figure 3(g)), which is indicative of good 
stability and dispersion of the nanoparticles in the reaction solution. Figure 3(h) shows 
the results of the pH and zeta potential of the MBt particle electrode. As can be seen, 
the point of zero charge (Pzc) for nanoparticles is 3.5. At pH above Pzc, the surface 
charge of MBt is negative, and at pH below Pzc, the surface charge of nanoparticles 
will be positive. The specific BET surface area of the MBt composite was 59.83 m2/g, 
which is similar to previous studies [29]. The XRD pattern of the samples is shown in 
Figure 4(a). Three strong diffraction peaks for bentonite were observed at 19.5°, 36.5° 
and 62°; this indicates the presence of montmorillonite as the main component of 
bentonite. There were five visible peaks for MBt at 30.46°, 35.80°, 43.26°, 57.47° and 
63.20°, which could be due to the successful coating of Fe3O4particles on the surface 
of the supporting material. These results were confirmed by XRD analysis of Fe3O4 
nanoparticles. Figure 4(b) shows the FTIR spectra of bentonite and MBt in the range 
400–4000 cm−1. As can be seen, FTIR MBt peaks are similar to natural bentonite except 
for a strong absorption peak at 530–570 cm−1. According to studies [30], the absorp-
tion peak in this range is related to Fe-O bond, which is similarly in FTIR of Fe3O4.
3.2. The characteristics of Ti/TiO2 nanotube/PbO2
Figure 5(a,b) shows the SEM images of the Ti/TiO2 nanotube/PbO2 electrode. It can be 
seen that a large amount of PbO2 has deposited inside and on the TiO2 nanotube in 
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form of cracked sample. Although the formation and growth of PbO2 inside the nano-
tubes is not well observable by SEM analysis, however, according to Cerro-Lopez et al. 
[26], and de Moura et al. [27], the PbO2 can be well coated inside and on surface of 
nanotube by anodisation- electrodeposition. EDX analysis (Figure 5(c,d)) for both Ti/TiO2 
nanotube and Ti/TiO2 nanotube/PbO2 samples shows the presence of Ti, Pb and 
O elements, which confirmed the SEM results.
Figure 2. SEM images of bentonite(a), Fe3O4 (b) and MBt nanoparticle(c); the elementalmappings (d–i) 
of MBt.
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XRD analysis of the Ti/TiO2 nanotube, Ti/PbO2 and Ti/TiO2 nanotube/PbO2 is shown in 
Figure 6. In the Ti/TiO2 nanotube, the main diffraction peaks around 34.44°, 40.15°, 53.99°, 
63°, 70.57° and 77.74° were related to the titanium plate, whereas the diffraction peaks at 
25.25°, 36.06°, 48.38° and 55.07° correspond to TiO2 nanotube. For the Ti/TiO2 
nanotube/PbO2, the major diffraction peaks related to PbO2 in 25.83°, 31.97°, 35.99°, 
49.06°, 55.73°, 60.24°, 62.34°, 66.97° and 74.54° was observed, among diffraction peaks  
Figure 3. TEM image (a), size distribution histogram (b), VSM analysis (c), magnetic properties (d), 
EDXspectra (e), TGA curve (f), zeta potential (g) and Pzc (h) of MBt.
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corresponding to the TiO2 nanotube are also observed, which indicates that PbO2 is 
inside and on the surface nanotube. XRD analysis of the Ti/PbO2 electrode confirms the 
above diffraction peaks.
Figure 4. The XRD patterns and FTIR spectra of bentonite (a), Fe3O4(b) and MBt.
Figure 5. SEM images of Ti/TiO2 nanotube/PbO2 (a, b); EDX spectra of Ti/TiO2 (c) and Ti/TiO2 
nanotube/PbO2 (d).
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3.3. Degradation of DCF and NPX in different electro-oxidation systems
The degradation of DCF and NPX in different electro-oxidation systems has been inves-
tigated to better understand the effect of MBt particle electrode and its results are shown 
in Figure 7(a,b). Prior to the electro-oxidation process, the adsorption of DCF and NPX by 
MBt was carried out to assess adsorbent potential at pH of 6 and particle dose of 100 mg/ 
L. The results in Figure 7 show that with increasing contact time, the removal efficiency 
increases and were obtained the removal efficiencies of 32.45% for DCF and 33% for 
NPXat 180 min. In the two-dimensional electrochemical (2DE) system, the drugs removal 
rate was significantly increased by increasing time, and the maximum removal rates of 
DCF and NPX at reaction time of 120 were 50.85% and 45.65%, respectively. Compared to 
this process, the removal rate of drugs was remarkably increased by the homogeneous 
electro-Fenton (EF + Fe2+) process. This may be due to the further decomposition of H2O2 
by the iron ions present in the solution. Adding Fe3O4as iron reagent increased the 
efficiency of EF process by 5–10%, compared to the previous two systems, which may 
be related to the synergistic effect between adsorption and electrochemical oxidation. 
Similar results were reported by Nidheesh et al. for degradation of Rhodamine B from 
aqueous solutions [31].In comparison with 2DE and homogeneous EF systems, the DCF 
and NPX removal rates by the 3DEF process at reaction time of 120 min were 94.5% and 
90.9%, respectively. This may be related to the effect of the MBt particle electrode on the 
adsorption and further decomposition of H2O2 to •OH. These results were in agreement 
with the studies of Sadeghi et al. for the degradation of DCF [32].
Along with the drug removal rate, energy consumption in different systems was 
evaluated and their results in Figure 7(c) show that the energy consumption rate in the 
3DEF process is lower than the other processes. This may be due to the presence of MBt as 
the third electrode which leads to enhance mass transfer and improve energy storage. In 
addition, scavenging experiments with TBA and methanol (MA) were performed to 
investigate the effect of active species on 2D and 3D processes. As can be seen in 
Figure 6. XRD patterns of Ti/TiO2, Ti/PbO2 and Ti/TiO2 nanotube/PbO2.
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Figure 7(d), only 25.54% and 40% DCF removal can be obtained in the presence of MA and 
TBA in the 3DEF process, respectively. These results emphasise that •OH has a key role for 
the degradation of pollutants into by-products, CO2 and H2O. The results of Figure 7(d) 
also shows that in the presence of constant concentration of TBA in the solution, drug 
removal efficiency in the 3DEF process is higher than 2DE process, which explains the 
3DEF process has features such as high •OH production rate, high removal efficiency and 
low energy consumption.
3.4. Influence of operational parameters
The effect of initial pH on the removal efficiencies of DCF and NPX is shown in Figure 8(a). 
As can be seen, increasing the initial pH from 4 to 10 decreases the removal efficiency of 
the drugs at different reaction times. This may be due to the deposition of ferrous species 
in the form of ferric hydroxide, which creates the problem for the stability of the redox 














































































Figure 7. Comparison between processes on DCF removal (a), NPX removal (b) and energy consump-
tion (c); the influence of TBA and MA scavengers on degradation of DCF (pH 6,current density 15 mA/ 
cm2, MBt dosage 100 mg/L).









































































































































































Figure 8. Removal of DCF and NPX with 3DEF process under different conditions: (a) effect of initial pH 
(pollutant 10 mg/L, current density 15 mA/cm2, MBt dosage 100 mg/L), (b) effect of current density (pH 6, 
pollutant 10 mg/L, MBt dosage 100 mg/L), (c) effect of MBt dosage (pollutant 10 mg/L, pH 6, current density 
25 mA/cm2), (d) effect of pollutant concentration (pH 6, current density 25 mA/cm2, MBt dosage 500 mg/L).
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related to the high oxidation potential of •OH, pHzc of particles and pKa of drugs. 
According to zeta potential analysis, the pHzc of MBt was obtained to be 3.5. At pH 
values lower than the pHzc, protonation of functional groups occurs on MBt. However, as 
the pH increases to values more than pHzc, increases the negative charge on the micro-
electrode surface. Simultaneously, for pH values higher than pKa of drugs (pKa of 4.2 for 
both drugs), main molecules are deprotonated and their solubility is increased. Based on 
this, in the pH range of 4–6, the probability of drug adsorption onto MBt is increased and 
then the chances of catalytic degradation by •OH produced from the anode and particle 
electrode are improved. Similar results were obtained by Hou et al. for the degradation of 
N-heterocyclic compounds [33]. Figure 8(b) shows the effect of current densities between 
5 and 40 mA/cm2on the removal rate of drugs with initial concentration of 10 mg/L by the 
3DEF process based on MBt. According to this figure, the removal efficiency was increased 
with the initial increase in current density from 5 to 25 mA/cm2 and then the removal rate 
slowly decreased with further increase to 40 mA/cm2. The initial increase in the removal 
rate can be due to the increase in the amount of physisorbed M(•OH), as well as more 
production of H2O2 and •OH through Equations (6) and (7) [34].The decrease in efficiency 
at high current density can be attributed to the continuous acceleration of parasitic 
reactions such as reduction of O2 to H2O, instead of H2O2, on the cathode and self- 
destruction of M(•OH) at the anode [35]. Sadeghi et al. obtained similar results for the 
removal of DCF by the 3DEF process [32]. 
Mþ H2O! M �OHð Þ þ Hþ þ e  (6) 
O2 þ 2Hþ þ 2e  ! H2O2 (7) 
H2O2 þ Fe2þ ! Fe3þ þ � OHþ OH  (8) 
The effect of MBt dosage on DCF and NPX removal efficiency is shown in Figure 8(c). 
Based on this Figure, the efficacy of drug removal is significantly improved by adding MBt 
up to a dosage of 500 mg/L. This may be due to an increase in the amount of Fe2+ions on 
the surface of the bentonite, which results in an increase in •OH production through 
Equation (8). With the further increase of MBt, the removal rates of drugs decreases due to 
consumption of •OH by the extra ferrous ion. In addition, the extra iron ions penetrate to 
the active sites of the cathode, and reduce their number for production of H2O2. Similar 
results were reported by Nidheesh et al. for the degradation of Rhodamine B from 
aqueous solutions [31]. Figure 8(d) shows the effect of the initial concentration of the 
drug at pH of 6, MBt dosage of 500 mg/Land current density of 25 mA/cm2. A significant 
decrease in the removal rates of DCF and NPX was observed by increasing initial drug 
concentrations from 5 to 50 mg/L. These observations can be explained by the inade-
quate •OH value and high production of by-products. Ozcan et al. found the same results 
for degradation of enoxacin by kaolin/Fe2O3-coupled electro-Fenton [36].
3.5. The stability of electrodes
Particle electrode recyclability is one of the critical parameters in the development of 
electro-oxidation treatment. The applicability of MBt nanoparticles for removal of DCF 
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and NPX was investigated by repeated experiments with the same particle electrode in 
the present study. As can be seen in Figure 9(a), drug removal rate remained above 95% 
after three cycles of electrocatalytic degradation. The results of COD and TOC removal 
efficiency showed the same trends (Figure 9(b)). In order to evaluate the stability, a SEM 
image and ESD mapping of the MBt particle electrode were provided and the results in 
Figure 10(a–c) show that iron nanoparticles are present on bentonite. Based on these 
results, MBt showed a high stability and uniform distribution of iron in bentonite which 
allows the 3DEF process to be used for long-term treatment of drugs without adding 
further Fenton reagent. The FTIR results confirm these findings (Figure 10(d)).
Figure 11 shows the stability of Ti/TiO2 nanotube/PbO2 in long-term removal of TOC. It 
is observed that reduction in efficiency is very low over time, which may be due to the 
adsorption of pollutant by-products onto the anode surface and the decrease of its 
electrocatalytic activity.
3.6. The possible mechanism and pathway of NPX and DCF degradation
To investigate the pathway of DCF and NPX degradation by EF process developed with 
MBt and Ti/TiO2 nanotube/PbO2, intermediates were identified by GC-MS coupled with 
DLLME. Figure 12 shows the degradation pathway of products identified from the electro- 
oxidative degradation of drugs. Based on this Figure, both DCF and NPX were oxidised to 
by-products with low molecular weight in 120 min. For DCF, the molecule was degraded 
into 1- (2,6-dichlorophenyl) −1,3-dihydro-2 H-indol-2-one by intramolecular cyclisation 
reaction and water removal, which is in good agreement with Sadeghi et al [32]. In this 
pathway, DCF is also oxidised to 2-chlorophenazine through decarboxylation. Finally, 
these derivatives were oxidised to 1,2-benzenedicarboxylic acid and 3-chloropyridine 
during •OH attack on the C-N bond. In addition, NPX molecules can oxidise to 2-acetyl- 
6-methoxynaphthalene, 2-(2-naphthyl)-2-propanol and 1,3-dimethylbenzene, during •OH 
attack. These products were similar to the by-products identified in the study by 


































Figure 9. The electrocatalytic performance of MBt for drugs removal (a), COD and TOC removal (b) (pH 
6, current density 25 mA/cm2, MBt dosage 500 mg/L, pollutant 10 mg/L).
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Figure 11. The electrochemical stability of Ti/TiO2 nanotube/PbO2.
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Based on comparative experiments and studies on the electrocatalytic activity of the 3DEF 
process, DCF and NPX removal mechanism are suggested in Figure 13. First, some drugs are 
absorbed by MBt nanoparticles. At the same time, the oxygen is absorbed on the cathode 
surface and then H2O2 is electro-generated by the reduction of O2 on the graphite felt. H2O2 is 
decomposed by the ferrous ion through the Haber-Weiss mechanism to produce •OH in 
solution. In this environment, •OH is also generated by the decomposition of water on the 
inactive anode surface and further degradation of the drugs occurs. In addition, according to 
previous studies [37], the production of reactive oxygen species can occur at the catalyst 
surface through the reaction of H2O2 and the reduction of iron species at high pH values. For 
this purpose, the surface mechanism of the particle begins with the production of H2O2 at the 
cathode and the partial reduction of ≡FeIII-OH to ≡FeII-OH by obtaining an electron at the 
surface of MBt. The electro-generated H2O2 can react with the negatively charged surface of 
particle electrode and form a ≡ FeIII-OH (H2O2) complex in MBt. Following this reaction as well 
as the combination of •OH (produced by direct reaction of H2O2 with Fe
II at the particle 
surface) with H2O2, the hydroperoxyl radical (•HO2) with lower oxidation potential is produced. 
These amounts of reactive species produced ultimately lead to the degradation of drugs into 
by-products.
Figure 12. Possible pathways for degradation of DCF (a) and NPX (b).
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3.7. Removal of COD in continuous flow reactor
Removal of COD from real wastewater was carried out in a continuous flow reactor at a pH 
of 6, adsorbent dose of 500 mg/L, current density of 25 mA/cm2, and DCF concentration of 
10 mg/L. As can be seen in Figure 14, the removal efficiency of COD was increased by 


















Figure 14. Treatment of synthetic and real wastewater by 3DEF process in continuous flow reactor.
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increasing electrolysis time. However, these efficiencies for real wastewater were lower 
than synthetic wastewater. This could be due to the presence of interfering and compe-
titor substances in the adsorption and utilisation of reactive species produced by the 3DEF 
process. Similar results were obtained by Nidheesh and Gandhimathifor textile waste-
water treatment by electro-Fenton in batch and continuous modes [38].
4. Conclusion
In this study, MBt and Ti/TiO2 nanotube/PbO2 were successfully fabricated and used as particle 
and anode electrodes for 3D degradation of contaminants in batch and continuous modes, 
respectively. High efficiency of drug removal and low energy consumption were observed in 
the 3DEF process compared to other removal processes, which could be due to the effect of 
MBt on higher production of •OH and rapid mass transfer. Radical scavenging experiments 
with TBA and MA showed that •OH was the major oxidation species. MBt nanoparticles 
showed excellent stability and reusability with minimal efficiency reduction during 10 con-
secutive degradation tests. A possible mechanism and pathways of drug degradation based 
on different experiments and identified by-products were suggested. As a result, the 3DEF 
process based on MBt can be considered as an alternative and promising process for the 
degradation of pollutants such as anti-inflammatory drugs in the aqueous phase.
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